ABSTRACT rnh (formerly termed sdrA) mutants of Escherichia coli K-12, capable of continuous DNA replication in the absence of protein synthesis (stable DNA replication), are devoid of ribonuclease H (RNase H, EC 3.1.26.4) activity. Plasmid pBR322 was found to replicate in rnh mutants in the absence of DNA polymerase I, the polA gene product, which is normally required for replication of this plasmid. The plasmid copy number in poL4 rnh double mutants was as high as in the wild-type strains. When a chimeric construct between pBR322 and pSC101 was introduced into a polA rnh double mutant,
normally required for replication of this plasmid. The plasmid copy number in poL4 rnh double mutants was as high as in the wild-type strains. When a chimeric construct between pBR322 and pSC101 was introduced into a polA rnh double mutant, the replication of the plasmid via the pBR322 replicon was inhibited if the plasmid also carried an rnh' gene or if the host harbored an F' plasmid carrying an rnh' gene. Thus, DNA polymerase I-independent replication of pBR322 requires the absence of RNase H activity. This alternative mechanism requiring neither DNA polymerase I nor RNase H appears to involve a transcriptional event in the region of the normal origin of replication.
ColEl is an amplifiable plasmid that continues to replicate in the absence of de novo protein synthesis (1) . Initiation of the replication of ColEl has been shown, in vivo (2) and in vitro (3, 4) , to require active DNA polymerase I. The replication involves an RNA primer (RNA II), the product of a specific transcription initiated at a promoter (Pori) by DNA-dependent RNA polymerase. RNase H (EC 3.1.26.4), encoded by the rnh+ gene (5) , degrades RNA specifically in DNA-RNA hybrid molecules and is involved in the processing of a preprimer RNA at the origin (ori) of plasmid replication in vitro (6) . The processed RNA molecule is used as primer by DNA polymerase I. It has been shown that, in vitro, in the absence of RNase H, plasmid replication is initiated at sites other than the ColEl ori site (7) . sdrA mutants of Escherichia coli can initiate rounds of chromosome replication without the participation of the normal replication origin (oriC) (8) . These sdrA mutants were isolated by virtue of their capacity for recA+-dependent DNA replication in the absence of de novo protein synthesis (stable DNA replication) (9, 10) . Since initiation in sdrA mutants can occur not only in the absence of the oriC sequence but also in the complete absence of the dnaA+ gene product, an initiator protein (8) , it has been postulated that initiation in sdrA mutants represents an alternative initiation pathway distinct from the normal oriC+ dnaA+-dependent initiation mechanism (8, 11) . Several sites or regions of the E. coli chromosome have been detected from which initiation in sdrA mutants occurs in the absence of oriC (12) . It has recently been shown that sdrA mutants are devoid of RNase H activity (13) . The demonstration that a small fragment of the E. coli genome, which contains no complete gene other than the rnh+ gene (14) , complements all the phenotypes of sdrA mutants has led to the conclusion that sdrA mutations are allelic to rnh mutations (13) .
Plasmid pBR322, which was derived from pMB1, a ColEltype plasmid, requires DNA polymerase I for the initiation of replication, as it does not replicate in polA mutants (15) . In this communication, I report that pBR322 can replicate in rnh (sdrA) mutants despite the absence of DNA polymerase I activity. A preliminary account of this work has been reported (16).
MATERIALS AND METHODS E. coli strain AQ666 is an rnh-224 (formerly sdrA224) pro' derivative of AQ634 (17) [F-argH ilv metB his-29 trpA9605 pro-2 thyA deoB (or deoC)]. AQ1523 and AQ1525 are polA12 derivatives of AQ634 and AQ666, respectively. AQ2178 and AQ2190 are polAl derivatives of AQ634 and AQ666, respectively. The polA12 and polAl mutations were introduced by Pl-mediated transduction from CM5389 and CM5280 (18) , respectively, by virtue of linkage to a TnJO insertion (zig::TnJO). The PolA-phenotype was determined by sensitivity to methyl methanesulfonate (19) . AQ634 and AQ2190
were transformed to ampicillin-resistant (Ap`) with pBR322, resulting in AQ990 and AQ2199, respectively. The strain AQ2158, used to determine the requirement for DNA polymerase III in plasmid replication in the absence of DNA polymerase I, was constructed by transducing rnh-224 into H10265 (polAl polB-dnaE1026) (ref. 20) and transforming a resultant strain (AQ1351) to Apr with pTKQ51 ( Fig. 1) . Since rnh mutants are sensitive to broth (17) , transformation frequencies were determined using M9 glucose plates supplemented with Casamino acids. The construction of plasmids used in this work is described in Fig. 1 . All media, chemicals, and growth conditions used were previously described (9 (21) in the same orientation ds found in pBR322. The identification and orientation of the fragments were determined by restriction endonuclease analysis (21) . In the next step, the 236-bp EcoRI/ Hae II fragment of pTKQ27 was replaced with the the 302-bp EcoRI/Hae II fragment (lacOP) of mWB2342, which contained the lac promoter and operator sequences (22) . The resulting plasmid, pTKQ49, was subsequently joined to pSC101 (23) (30) , transformed the polAJ2 cells (at 37°C) with similar frequencies regardless of the presence or absence of the rnh mutation (data not shown). Therefore, the inability of polA-rnh' cells to be transformed with pBR322 is due to the defective DNA polymerase I, and the rnh mutation alleviates this deficiency for plasmid replication.
A Minimum Sequence Required for DNA Polymerase I-In- (Fig. 1 and Table 1 ). Repeated attempts to find a plasmid with the E fragment in the reversed orientation, after digestion of pTKQ27 to completion with Hae II and subsequent ligation of the digest, failed. Among viable plasmids found was one containing two E fragments in tandem in the same orientation as in pBR322 (data not shown). These observations suggested that the sequence between Pori and ori at the junction of Hae II fragments A and E (21) cannot be disturbed without adversely affecting plasmid replication in polA-rnh-conditions. pTKQ27 was found to also replicate in rnh' polA+ cells (Table 1) .
Plasmid Replication in rnh-polU Cells Occurs at a High Copy Number. A chimera between a high-copy-number (such as pBR322) and a low-copy-number plasmid (pSC101) replicates at a high copy number (31) . Only when the replication from the origin of the high-copy-number plasmid is prevented does the chimera replicate as a low-copy-number plasmid (31) . pTKQ51 is a chimeric construct between pTKQ27 and pSC101 and also carries a 302-base-pair (bp) DNA fragment containing the E. coli lac operator-promoter sequence (Fig. 1) . pTKQ51 transformed polA-cells at similar frequencies in the presence or absence of rnh mutations (Table 1) , because pSC101 does not require DNA polymerase I for replication (31) . It was expected that the synthesis of 8-galactosidase in lac+ strains would be gratuitously induced when the chimeric plasmid pTKQ51 existed at a high copy number. This gratuitous induction results from sequestering of the lac repressor molecules by the lac operator sequence that exists at a high copy number. On the other hand, the lac+ operon expression would be minimal when pTKQ51 existed at a low copy number. The results summarized in Table 2 show that introduction of pTKQ51 into lac+ polA+ strains in the presence or absence of rnh mutations resulted in a 100-fold increase in B-galactosidase activity. This indicates that the plasmid replicated at high copy numbers both in the presence and absence of RNase H (in polA+), confirming the previously reported observation (32) . On the other hand, in polA-rnh+ cells harboring pTKQ51, the increase in lac expression was limited to only about 10-fold, suggest- ing that pTKQ51 was present at a low copy number, as expected for the plasmid being replicated from the pSC101 origin (Table 2 ). In contrast, lac expression in polA-rnh-cells harboring pTKQ51 was nearly as high as that in pTKQ51-carrying polA+ cells. The results suggested that plasmid replicated at a high copy number under polA-rnh-conditions. This was confirmed by direct measurements of the copy number, which involved labeling of plasmid-containing cells with [3HJthymine and subsequent separation of plasmid DNA from linear DNA by dye/CsCl equilibrium centrifugation (27) . The results of such measurements indicated that polA-rnh-cells contained nearly as many copies of pBR322 or pTKQ27 as polA+ rnh' cells did (data not shown).
DNA Polymerase I-Independent Replication Requires Absence of RNase H. rnh-224 mutants are devoid of RNase H activity (<0.05% of the wild-type activity) (13) . It has been shown that plasmid pSK760 introduced into rnh-224 mutants restores intracellular RNase H activity to a level 10-fold higher than that of rnh' cells (13) . pSK760 is a pBR322 derivative that carries the entire gene for RNase H (rnh') in a 760-bp EcoRI/BamHI segment of the E. coli chromosome (14) . pTKQ65 was constructed by substituting the 375-bp EcoRI/BamHI fragment in the tet region of pTKQ51 with the rnh+ fragment from pSK760 (Fig. 1) . When pTKQ65 was introduced into polA+ rnh+ cells (AQ634), the lac expression was slightly reduced from the level induced by pTKQ51 (Table 2) . A similar result was obtained with polA+ rnh-224 cells (AQ666) ( Table 2) . These results are consistent with the observation that the presence of excess amounts of RNase H inhibits DNA polymerase I-dependent replication of ColEl in an in vitro replication system (33) and suggests that overproduction of RNase H may be inhibitory to polA+-dependent replication of ColEl-type plasmids in vivo.
When pTKQ65 was introduced into polA-rnh-cells (AQ2190), the lac expression was reduced to a level comparable to that of polA-rnh+ cells (AQ2178) ( Table 2) . A similar degree of reduction in lac expression was also observed when F'128, carrying a single copy of rnh+ (9, 17) , was introduced into rnh-polA-cells harboring pTKQ51 (16) . These results indicate that DNA polymerase I-independent plasmid replication is eliminated by the presence of RNase H activity.
DNA Polymerase I-Independent Replication Is Sensitive to Rif. In vivo replication of ColEl-type plasmids including pBR322 in polA+ cells has been shown to be sensitive to Rif, an RNA synthesis inhibitor, although it continues in the presence of CAP (34) . To determine whether polA+-independent replication of pBR322 in the absence of RNase H is sensitive to Rif or CAP, incorporation of [3H]thymine into plasmid DNA in the presence of Rif or CAP was examined by use of dye/CsCl equilibrium centrifugation (27) . The results summarized in Table 3 show that replication of pBR322 in polA-rnh-cells occurred in the presence of CAP as well as it did in polA+ rnh+ cells. On the other hand, pBR322 replication in polA-rnh-conditions was severely inhibited with Rif. The degree of the inhibition in polA-rnh-cells with Rif was comparable to that in the polA+ rnh+ cells. Requirement for DNA Polymerase III. Normal replication of ColEl-type plasmids requires active DNA polymerase III (35) , encoded in part by the polC (dnaE) gene. An experiment very similar to the one described above (Table 3) was performed, using an rnh-polA-polB-polCs strain harboring pTKQ51 (see Materials and Methods), to determine the requirement for DNA polymerase III 60 min, during which cells were allowed to grow with doubling times of 57 and 60 min, respectively, while the other cultures were treated with antibiotics before and during labeling (see Materials and Methods). Therefore, in a strict sense, they are not controls. Accordingly, replication (%) in drug-treated cultures is underestimated by a factor of -2. Plasmid DNA and chromosomal E. coli DNA were separated (27) Table 2 ). More recently, Naito et al. (37) reported that another rnh mutation (herA), which suppressed the replication defect of a ColEl mutant (cer6), also supported replication of the wild-type plasmid. They postulated that ColEl replication in vivo proceeds in the absence of RNase H activity.
This apparent paradox can perhaps be resolved in light of the results described in this report. It is probable that RNase H is required for in vivo formation of active primer RNA for DNA polymerase I. However, inactivation of RNase H by rnh/sdrA/herA mutations allows plasmid replication to proceed in an alternative manner that requires neither the primer-processing activity of RNase H nor DNA polymerase I activity. Plasmid mutants that produce a defective RNA primer due to lack of or altered processing by RNase H replicate in rnh-cells because the alternative initiation mechanism bypasses the requirement for DNA polymerase I, which is dependent on a precise primer structure (36) .
The mechanism by which plasmid replication occurs in the absence of DNA polymerase I and RNase H activity is not understood. In addition to the clear distinction of polA+ independence, plasmid replication in rnh-conditions also differs from normal replication in that it generates concatemeric forms-i.e., covalently closed circular oligomers consisting of several plasmid units joined in a head-to-tail fashion (16) . This concatemer formation is recA+ dependent (16) . Despite these differences, the requirements of this alternative replication pathway resemble those of the normal polA+-dependent pathway. First, the results of experiments to determine a minimum sequence required for plasmid replication in polA-rnh-conditions (Fig. 1 ) strongly suggest the involvement of the region between Pori and ori. Hillenbrand and Staudenbauer (7) reported that in vitro replication of ColEl-type plasmids was initiated in three regions of the plasmid molecules when RNase H was absent from the in vitro system. However, these sites were not near the normal origin (7) . The reason for this discrepancy is not apparent, but it may be attributed to some specific conditions used in the in vitro system.
The results shown in Table 3 indicate that DNA polymerase I-independent replication is inhibited by addition of Rif. Since the replication does not require concomitant protein synthesis (Table 3) , this indicates a direct involvement of DNA-dependent RNA polymerase in plasmid replication under polA-rnh-conditions. Furthermore, the plasmid replicates at a high copy number in polA-rnh-cells (Table 2) and DNA polymerase III is required for plasmid replication in polA-rnh-conditions (this work), as is the case for normal plasmid replication (35) .
These similarities between the two replication systems suggest that the polA+-independent pathway involves a modified version of the normal plasmid replication processes. I wish to suggest the following model as one of several schemes that are consistent with all the properties discussed above. In the absence of RNase H activity, the product of transcription initiated at Pori is allowed to form DNA-RNA hybrid in a much larger region downstream from ori than in the presence of the enzyme. The displaced single-stranded DNA is then stabilized, perhaps by RecA and/or Ssb protein (38, 39) , resulting in an R loop, similar to the D-loop structure which is believed to be an early intermediate in homologous recombination (40) . The recA+-dependent plasmid concatemer formation observed in rnh-cells (16) may result from intermolecular recombination stimulated by the presence of such an R-loop structure. The R loop extends so far as to allow the entry of a replisome, thus bypassing the normal requirement for DNA polymerase I. This "R-loop" model predicts that switch-over from RNA to DNA occurs downstream from the normal origin, ori.
